ABSTRACT: Genetic parameters of mature weight are needed for effective selection and genetic evaluation. Data for estimating these parameters were collected from 1963 to 1985 and consisted of 32,018 mature weight records of 4,175 Hereford cows that were in one control and three selection lines that had been selected for weaning weight, for yearling weight, or for an index combining yearling weight and muscle score for 22 yr. Several models and subsets of the data were considered. The mature weight records consisted of a maximum of three seasonal weights taken each year, at brand clipping (February and March), before breeding (May and June), and at palpation (August and September). Heritability estimates were high (0.49 to 0.86) for all models considered, which suggests that selection to change mature weight could be effective. The model that best fit the data included maternal genetic and maternal permanent environmental effects in addition to direct genetic and direct permanent environmental effects. Estimates of direct heritability with this model
Introduction
Mature cow weight (MW) affects many aspects of production, including maintenance requirements (McMorris and Wilton, 1986; Montañ o-Bermudez et al., 1990) , reproduction (Buttram and Willham, 1989; Owens et al., 1993; Olson, 1994) and cull cow value, and therefore the profitability of the cow-calf operation. Because of impacts on many economic aspects of production, mature weight should be considered in selection programs. For selection to be effective, good estimates 583 ranged from 0.53 to 0.79, estimates of maternal heritability ranged from 0.09 to 0.21, and estimates of the genetic correlation between direct and maternal effects ranged from −0.16 to −0.67 for subsets of the data based on time of year that mature weight was measured. For the same subsets, estimates of the proportions of variance due to direct permanent environment and maternal permanent environment ranged from 0.00 to 0.09 and 0.00 to 0.06, respectively. Using a similar model that combined all records and included an added fixed effect of season of measurement of mature weight, direct heritability, maternal heritability, genetic correlation between direct and maternal effects, proportion of variance due to direct permanent environmental effects, and proportion of variance due to maternal permanent environmental effects were estimated to be 0.69, 0.13, −0.65, 0.00, and 0.04, respectively. Mature weight is a highly heritable trait that could be included in selection programs and maternal effects should not be ignored when analyzing mature weight data.
of genetic parameters associated with mature weight must be available.
Previous estimates of direct heritability have been variable but generally have been moderate to high using various models (Johnson et al., 1990; Northcutt and Wilson, 1993; Kaps et al., 1999) . Although several methods and models have been used to estimate components of variance for mature weight, maternal effects typically have not been included in models for mature weight (e.g., Johnson et al., 1990; Koots et al., 1994; Arango et al., 2000) .
The objective of this study was to estimate components of variance for mature weight using models including maternal effects and weights taken at various times during the year.
Materials and Methods
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Selection ended with calves born in 1982, but data in this analysis included weights measured on cows through 1985. Weights were recorded on yearling through 13-yr-old females, but records were analyzed with weights divided into five groups based on age of cow: yearling, 2-yr-old, 3-yr-old, 4-yr-old, and mature cows (5 yr of age and older) as suggested by tests of least significant differences using GLM procedures of SAS (SAS Inst. Inc., Cary, NC), which showed no significant differences among ages of cows 5 yr of age or older (P < 0.05). The number of cows with records and mean weights for each age and weighing period are shown in Tables 3 and 4. Genetic parameters for mature weight were estimated using univariate and bivariate analyses for mixed models as described by Henderson (1984) .
Models
Model 1. Model 1 was considered the full model and included direct and maternal genetic, direct permanent environmental, and maternal permanent environmental random effects. In matrix notation:
where y is a vector of observations; β is a vector of fixed effects; a is a vector of direct genetic effects; m is a vector of maternal genetic effects; c is a vector of direct permanent environmental effects of the animal; d is a vector of maternal permanent environmental effects of the dam; e is a vector of random error effects; X is a known incidence matrix associating fixed effects with records in y; and Z a , Z m , Z c , and Z d are known incidence matrices associating random effects with records in y with zero columns associated with animals in the pedigree that do not have records.
Furthermore, E[y] = Xβ; and for the univariate (BC, BB, or PA) version of Model 1:
where matrix A is the numerator relationship matrix of all 14,468 animals in the pedigree, including those without records, and the I are identity matrices of appropriate order; σ 2 a is variance due to additive genetic effects of the cow; σ 2 m is variance due to maternal genetic effects; σ 2 c is variance due to permanent environmental effects of the cow; σ 2 d is variance due to maternal permanent environmental effects of her dam; and σ 2 e is variance due to random error.
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Model 2. Model 2 is identical to the full model except that maternal genetic effects were not included sepa- Model 3. Model 3 is a reduced version of both Models 1 and 2 with vectors for both maternal genetic effects and maternal permanent environmental effects excluded with the only random factors being direct genetic and permanent environmental effects. Based on significant effects found using the GLM procedure in SAS (SAS Inst. Inc.), four fixed factors were included in Models 1 through 3. The first three factors were two-way subclass effects for line with birth and method of rearing for the calf born that year (BMR×L), with age of cow's dam (DA×L), and with pregnancy status prior to BC (P×L). The fourth fixed factor was a three-way subclass effect of year by age of cow by line (Y×A×L).
The age of dam used for DA×L was the age of the dam in years when the cow with mature weight measurements was born. On the other hand, the age of the cow used for the Y×A×L subclass was edited to create five age groups, as described previously. A linear and quadratic covariate for the number of days between when the weight was taken and when the cow calved was also included in the model. If a female did not calve that particular year or was a heifer, this covariate was zero.
Models 4 to 6. The first three models were used with both univariate and bivariate analyses for weights taken at the three times of the year as separate traits. Because, as expected, there were high correlations between weights taken in the same year on the same cow, another set of univariate models was also used for combined analyses of weights from all three periods. These models included a fixed factor of season by line (S×L), as shown in Tables 5 and 6 , where season was defined as the period when the weight was taken: BC, BB, or PA. These models are classified as Models 4 to 6. Model 4 is the full model and is identical to Model 1, except for the added fixed factor. Similarly, Model 5 is identical to Model 2 and Model 6 is identical to Model 3, but with the S×L factor included in Models 5 and 6. The expectations and (co)variance structures for these models are the same as for the univariate analyses for Models 1 to 3, with the exception that the β vector contains the additional fixed factor of S×L.
Estimation of Variance Components
(Co)variance components were estimated using Models 1 to 6 with the multiple-trait derivative-free REML program (MTDFREML) of Boldman et al. (1993) modified by Dodenhoff et al. (1998) for calculation of standard errors of estimates of genetic parameters for certain models. For the first start, the convergence criterion (variance of the simplex) was set at 1 × 10 −6 . Once the interim convergence criterion was reached, cold restarts were continued until minus twice the logarithm of the likelihood (−2logL) differed by less than 1 × 10 −2 between successive restarts.
Estimation of Standard Errors
Standard errors for the estimates of parameters for multiple-trait analyses could be computed only when there were no missing observations, so that standard errors could not be obtained from the bivariate analyses of data for Models 1 to 3. To obtain estimates of the standard errors for the bivariate analyses, the data were edited to include only cows that had observations for both weights used in an analysis. The MTDFREML program was then run using the final results from the full analysis as starting values. These approximations for the standard error estimates should be conservative estimates because less information was used to obtain the standard errors than to obtain the estimates of genetic parameters. , proportion of variation due to temporary environmental effects; r a1a2 , correlation between direct genetic effects for traits 1 and 2; r a1m2 , correlation between direct genetic effects of trait 1 and maternal genetic effects of trait 2; r a2m1 , correlation between direct genetic effects of trait 2 and maternal genetic effects of trait 1; r m1m2 , correlation between maternal genetic effects of traits 1 and 2; r c1c2 , correlation between direct permanent environmental effects of traits 1 and 2; r d1d2 , correlation between maternal permanent environmental effects of traits 1 and 2; and r e1e2 , correlation between temporary environmental effects of traits 1 and 2. Table 5 shows the −2logL values for the final run for each analysis. For the univariate analyses, Models 1 and 2 are significantly different (P < 0.05) if the difference in −2logL between the two models is greater than 5.99 based on a χ 2 test with two degrees of freedom (Ramsey and Schafer, 1997) . For all three analyses using these models, Model 1 was significantly better, given the data, than Model 2. The difference in −2logL between Models 2 and 3 must be greater than 3.84 to be significant when using a χ 2 test with one degree of freedom (P < 0.05). For all three analyses Model 2 was significantly better, given the data, than Model 3.
Results and Discussion

Comparison of Models
For bivariate analyses, the difference between −2logL for Models 1 and 2 must be greater than 14.07 to be significant for a χ 2 test with seven degrees of freedom and the difference between Models 2 and 3 must be greater than 7.81 to be significant for a χ 2 test with three degrees of freedom (P < 0.05). For all analyses using these models, Model 1 was significantly better, given the data, than Model 2, and Model 2 was significantly better than Model 3.
For comparison of Models 4, 5, and 6, the critical values for the χ 2 test are the same as for the univariate analyses with Models 1, 2, and 3, respectively, because the number of variance components are the same as for Models 1, 2, and 3. Table 5 also shows that, as with the models without the S×L factor, Model 4 best fit the data, followed by Model 5, and then by Model 6; the differences in −2logL between models was statistically significant (P < 0.05).
Due to the significance of Model 1 compared with Models 2 and 3 and Model 4 compared with Models 5 and 6, only results from Models 1 and 4 will be discussed in depth. In general, estimates of direct heritability were inflated with Model 2 compared with Model 1 and with Model 5 compared with Model 4. Additionally, because maternal genetic effects were not included in Models 2 and 5, the portion of variance due to dam (sum of maternal genetic and maternal permanent environmental) effects in these models increased to accommodate the maternal genetic component. With Models 3 and 6, the models that excluded all maternal effects, the direct heri-tability estimates were also inflated relative to Models 1 and 4. This increase is most likely due to maternal effects inflating the estimate of direct heritability.
Genetic Parameters
Model 1. The estimates with the full model for each of the three weighing periods analyzed separately and for bivariate analyses for weights taken in a pair of seasonal weighing periods are shown in Table 6 . The estimates from all six of these analyses are generally similar. Direct heritability estimates (and standard errors) for the univariate analyses were 0.79 (0.08), 0.75 (0.08), and 0.67 (0.08) for BC, BB, and PA weights, respectively. With the bivariate analyses, direct heritability estimates were somewhat smaller and ranged from 0.53 (0.06) to 0.69 (0.11). These estimates are in agreement with those reported by various authors, including Brinks et al. (1962) , Bullock et al. (1993) , and Kaps et al. (1999) , and are larger than the current estimate of 0.49 that is used by the American Angus Association for their genetic evaluations (AAA, 2000) , the only breed association known to be reporting expected progeny differences (EPD) for mature weight.
Estimates of maternal heritability were larger than expected. With the univariate analyses, estimates were 0.10 (0.03), 0.14 (0.03), and 0.11 (0.03) for BC, BB, and PA weights, respectively. With the bivariate analyses, estimates of maternal heritability ranged from 0.09 (0.03) to 0.21 (0.05). The relatively high estimates for the maternal genetic component, in addition to the likelihood values in Table 5 , which show Model 1 to be significantly better than models without a maternal genetic effect, suggest that maternal effects should be considered when doing genetic evaluations of beef cattle for mature weight. In contrast, Arango et al. (2000) found that maternal genetic effects were negligible for mature weight of crossbred cows. In other previous studies, maternal effects for mature weight were not included in the model (e.g., DeNise et al., 1985; Johnson et al., 1990 ; review by Koots et al., 1994) .
Estimates of the correlation between the direct and maternal genetic effects were negative and large in the univariate analyses with estimates of −0.61 (0.10), −0.67 (0.07), and −0.65 (0.09) for BC, BB, and PA weights, respectively. With the bivariate analyses using Model 1, the estimates of the correlation between direct and maternal genetic effects were lower and ranged from −0.16 (0.12) to −0.41 (0.12). The reason for this large difference in estimates of the direct-maternal genetic correlation between univariate and bivariate analyses is not clear but may be due to adjustments through the residual covariance matrix when accounting for more than one weight at a time.
Estimates of the proportion of variance due to direct permanent environment effects were small compared to the other components. With the univariate analyses all estimates were 0.00 (0.05), and with the bivariate analyses the estimates ranged from 0.00 (0.05) to 0.09 (0.04). Similarly, estimates for proportion of variance due to maternal permanent environment effects were relatively low. With the univariate analyses the estimates were 0.02 (0.02), 0.05 (0.02), and 0.06 (0.02) for BC, BB, and PA weights, respectively, and with the bivariate analyses the estimates ranged from 0.00 (0.02) to 0.04 (0.02).
The estimates of proportion of variance due to environmental effects were similar across analyses and models. With all models, the estimates with the univariate analyses were 0.26 (0.01), 0.29 (0.01), and 0.33 (0.01) for the BC, BB, and PA weights, respectively, and ranged from 0.27 (0.01) to 0.31 (0.01) with the bivariate analyses.
As expected, estimates of the genetic correlations between any two weights taken in different seasons were found to be extremely large, nearing unity. Estimates of the direct genetic correlation between pairs of weights in different seasons ranged from 0.97 (0.01) to 0.99 (0.01). Estimates of maternal genetic correlations were also large, with estimates that ranged only from 0.99 (0.03) to 1.00 (0.01). Estimates of correlations between the direct genetic effect of one weight and the maternal genetic effect of another weight were similar to the correlation between the direct and maternal genetic effects of a single trait in the bivariate analyses and were moderate and negative, with estimates that ranged from −0.12 (0.12) to −0.48 (0.11). The strong correlations between any two weights suggest that any of the weights could be used to estimate breeding values for mature weight. These results also prompted the consideration of Models 4 to 6, which incorporate all possible weight information.
Estimates of correlations between direct permanent environmental effects were near unity for all three bivariate analyses with standard errors of approximately 0.04. Estimates of the correlation between pairs of maternal permanent environment effects varied; two estimates were near unity with an estimated standard error of 0.05 and one estimate was 0.00 with an estimated standard error that was out of the theoretical limits for a correlation. Because of the delta method used to estimate the standard errors, this unreasonable standard error is most likely due to the estimate being 0.00. Finally, estimates of the temporary environmental correlations between pairs of weights ranged from 0.18 (0.02) to 0.59 (0.01). As might be expected, the smallest of these estimates was between BC and PA weights, which were the farthest apart in time, whereas consecutive weights (BC/BB and BB/PA) had estimates of environmental correlations that were moderate and similar to each other.
Model 4. Model 4 is identical to Model 1 with the exception of the added fixed factor for season by line (S×L) combination to accommodate all measurements in one analysis. The results for this model are also shown in Table 6 . With Model 4, all estimates were in agreement with those for the univariate analyses using Model 1. Direct heritability was estimated to be 0.69 (0.07), maternal heritability was estimated to be 0.13 (0.03), and the correlation between the direct and maternal genetic effects was estimated to be −0.65 (0.07). Proportion of variance due to direct permanent environmental effects was negligible with an estimate of 0.00 (0.04). The estimate due to maternal permanent environmental effects was 0.04 (0.01). The estimate due to temporary environmental effects was estimated to be 0.33 (0.01).
Although Model 4 results in approximately the same estimates of variance ratios as Model 1, more information is included in the latter analysis because weights from all seasons are considered simultaneously. These estimates and estimates near unity of genetic correlations with the bivariate analyses indicate that the most practical model for genetic evaluations for mature weight is Model 4. This recommendation also has the practical advantage that producers would not be restricted to when cows should be weighed and would allow for easy inclusion of the maximum amount of information.
Mature weight influences many economic aspects of the cow-calf operation, including maintenance, reproduction, and cull cow value, and, consequently, productivity and profitability. Therefore, a selection program that includes mature weight can be of benefit to producers who want to change or maintain a specific cow weight. Mature weight can be used in a selection index to change or maintain a desired cow weight while also selecting for other growth traits of interest, such as birth and weaning weight. To derive such an index, the correlations between mature weight and the other traits are needed.
Implications
Cow weight affects many aspects of production, including cow maintenance, reproduction, and cull cow value. Estimates of direct heritability for mature weight are high and therefore mature weight could be included in cow selection in order to change mature weight or to maintain a desired cow weight. Maternal effects, which have not previously been investigated or have been considered to be unimportant in analyses of mature weight, were statistically significant in this population of Hereford cattle. This result suggests that the most appropriate model for genetic evaluation for mature weight is one that considers maternal genetic effects and maternal permanent environmental effects of the dam as well as direct genetic effects of the cow and permanent environmental effects of the cow. Inclusion of a fixed factor in the model to account for different times of year when weights are taken would allow for the maximum number of records to be considered for prediction of breeding values.
